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Melt spray technology serves as an effective method for fabricating spherical micro-nano composite
materials, with established applications in catalysts and pharmaceuticals. This study extends its
application to energetic composite microspheres, investigating the microsphere formation process us-
ing nano-aluminum powder (nano-Al) combined with the inert surrogate sucrose octaacetate (SOA).
This study systematically investigates the effects of process parameters, formulation composition, and
storage conditions on the particle size, morphology, and stability of SOA/Al composite microspheres.
Higher atomizing gas pressure and temperature significantly reduced median particle diameter (Dsp),
yielding a Dsg of 35.09 pm at 150 °C and 200 kPa. The addition of polyethylene glycol: poly-
vinylpyrrolidone (1:1) enhanced microsphere circularity from 0.67 to 0.85. This system produced 78 g
composite microspheres within 20 min, demonstrating efficient lab-scale production. X-ray diffraction
and differential scanning calorimetry results indicated that rapid cooling led to amorphous structures,
which were stabilized during storage at 4 °C. The scalable melt spray fabrication strategy developed
here for nanoparticle-doped composite microspheres provides a basis for future studies involving
diverse functional composites.

© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

performance. Common preparation methods for composite mi-
crospheres include spray drying [7—9], self-assembly [10,11],

Microparticles and nanoparticles exhibit substantial applica-
tion potential in fields [1] such as pharmaceuticals [2,3], energy
storage [4], coatings [5], and energetic materials [6]. Micro-nano
composite materials not only mitigate the aggregation ten-
dencies of single component nanoparticles but also preserve the
unique surface characteristics and functionalities of the constitu-
ent particles. Spherical micro-nano composite materials exhibit a
higher specific surface area and enhanced flowability relative to
other morphologies. Furthermore, they allow for greater control
over particle size and shape uniformity, critical for stable material
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templating [12], microemulsion [13], droplet microfluidics [14],
and melt spray technology [15]. Spray drying requires solvent
evaporation, leading to residual solvent issues and high energy
consumption. Self-assembly, templating, and microemulsion
methods involve complex processes, low microsphere formation
efficiency, and demanding post-processing steps. Microfluidic
systems face clogging risks due to small channel sizes, cannot
handle high-viscosity liquids, and remain costly with limited
production capacity [16]. Among these methods, melt spray
technology effectively combines hot-melt extrusion and spray
drying for producing composite microspheres. Molten materials
doped with functional powders are subjected to atomizing gas
pressure in the atomizer, leading to the formation of fine droplets
via complex droplet breakup. These droplets rapidly solidify in a
cooling medium, ultimately yielding micron-scale particles. This
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method offers operational simplicity, high-throughput production
potential, and tunable particle sizes. Without solvent evaporation,
the composite microspheres exhibit dense, solid-core structures
and can be collected as free-flowing powder without complex
post-processing compare to other methods. For example, in bio-
catalysis, melt spray technology enables effective enzyme immo-
bilization by atomizing molten carrier-enzyme mixtures [17]. In
pharmaceutical preparation, semi-crystalline solid dispersions
produced via this method efficiently deliver poorly water-soluble
active pharmaceutical ingredients (APIs) [18]. In nuclear mate-
rials, melt spray technology is used to prepare LisSiO4 ceramic
microspheres for tritium breeding, which meet the requirements
of fusion reactors for high density and thermal stability [19].

Aluminum powder is commonly introduced as a high-energy
metal fuel due to its high combustion enthalpy and density [20].
To enhance the overall performance of energetic systems and
mitigate the agglomeration of nano-aluminum powder (nano-Al)
during combustion [21], researchers commonly synthesize com-
posite microspheres by integrating nano-Al with high-energy ox-
idizers [22,23]. Futhermore, energetic composite microspheres
doped with nano-Al feature high energy density, excellent com-
bustion behavior, high bulk density, and low sensitivity for safer
processing and transportation [24—26]. However, current fabri-
cation methods still encounter challenges such as poor control
over particle size and morphology, as well as limited scalability for
industrial production. Melt spray technology, by contrast, offers
significant advantages that align well with the design re-
quirements of energetic composite microspheres doped with
nano-Al, including high efficiency, low cost, controllable particle
morphology, and suitability for continuous, large-scale
manufacturing. Therefore, applying melt spray technology to the
preparation of energetic materials is both technically feasible and
promising for further investigation.

However, conducting melt spray experiments directly using
highly reactive and sensitive energetic oxidizers combined with
nano-Al is challenging, due to factors such as high material costs,
substantial manpower requirements, and significant safety risks.
Therefore, this study employs a composite system of inert sub-
stitute material and nano-Al as a model system, aiming to inves-
tigate the effects of key process parameters on the microsphere
under safer and more cost-effective conditions. Sucrose octaace-
tate (SOA) was selected as an inert substitute material (Table S1 in
Supplementary Material presents similar properties of partial
high-energy oxidizers and SOA [27—30]). This strategy provides a
controllable and safe platform for simulating the composite for-
mation and shaping processes of energetic materials doped with
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nano-Al. Based on this system, SOA/Al composite microspheres
were successfully prepared via melt spray technology. The effects
of processing parameters and formulation design on the micro-
sphere characteristics were systematically investigated, and the
impact of post-treatment methods on their physical stability was
evaluated. This study not only reveals critical control factors for
the melt spray preparation of such composite materials, but also
provides fundamental data and process references for future ap-
plications in energetic systems.

2. Experimental
2.1. Materials and experimental equipment

Nano-aluminum powder (nano-Al) was supplied by Xi'an
Modern Chemistry Research Institute, China. Sucrose octaacetate
(SOA) was obtained from Macklin Biochemical Co., Ltd., Shanghai,
China. Methanol (analytical grade) was supplied by Kemiou
Chemical Reagent Co., Ltd., Tianjin, China. Polyethylene glycol
(PEG, My = 4000) and polyvinylpyrrolidone (PVP K30) were ob-
tained from Guangfu Fine Chemical Research Institute, Tianjin,
China. Poly (ethylene glycol)-block-poly (propylene glycol)-block-
poly (ethylene glycol) (P123) was obtained from Sigma-Aldrich
(Shanghai) Trading Co., Ltd, China. Hydrox-
ypropylmethylcellulose (HPMC) was purchased from Macklin
Biochemical Co., Ltd., Shanghai, China.

The digital display constant-temperature heating magnetic
stirrer (MS7-H550/H280/380-Pro) was purchased from Beijing
Dalong Xingchuang Experimental Instrument Co., Ltd., China. The
high-pressure air compressor (BDZ7031/1.5) was purchased from
Beijing Oupuke Compression Equipment Co., Ltd., China. The
microfluidic pressure pump (OB1 MK3+) was purchased from
ElveFlow, France. The annular heating jacket was purchased from
Jiangyin Huachen Qidian Electric Appliance Co., Ltd., Wuxi, China.
The solid-state relay (four-channel) was purchased from Anthone
Electric Co., Ltd., Xiamen, China. The temperature sensor (PT100)
and the heating rod (Pt) was purchased from Beijing Huasheng
Shida Technology Co., Ltd., China.

2.2. Preparation setup

A melt spray system for preparing composite microspheres was
constructed in this study, as illustrated in Fig. 1. The setup com-
prises a microfluidic pressure pump (ElveFlow), a high-pressure

air compressor, a stainless-steel syringe, an annular heating
jacket, a nozzle thermostat, a triple-channel internal-mixing
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Fig. 1. (a) Schematic diagram of the composite microsphere preparation setup; (b) Photographic illustration of the experimental apparatus; (c) Cross-sectional schematic of the

nozzle structure.



Y. Liu et al. / Chinese Journal of Chemical Engineering 90 (2026) 283—292 285

nozzle, and a polytetrafluoroethylene (PTFE) collection vessel
(Fig.1(a), (b)). The system delivers the liquid via pressure injection
controlled by the microfluidic pressure pump, while the atomizing
gas pressure is regulated by the high-pressure air compressor. The
pre-mixed molten material is loaded into a gas-assisted stainless-
steel syringe (Japanese-style luer-lock design) with excellent
thermal conductivity, serving as the feed reservoir. The annular
heating jacket heats and maintains the temperature of the
stainless-steel syringe, with a temperature range up to 200 °C. The
nozzle thermostat employs a 50 W heating rod and a PT100
temperature sensor, utilizing a PID temperature control algorithm
managed by a four-channel solid-state relay. The parameter of the
temperature control system and the annular heating jacket can be
found in Table S2. A cross-sectional schematic and photograph of
the triple-channel internal-mixing nozzle is illustrated in Fig. 1(b),
(c). The central channel transports the molten material and the
compressed air was ejected symmetrically from two gas outlets.
This high-velocity airflow sheared the liquid stream and broke it
into fine droplets at the nozzle exit. Three lateral ports (Fig. 1(c))
are connected to the temperature sensor, high-velocity airflow
inlet tube, and the Pt heating rod from left to right. Fig. S1 and
Table S3 provide further details about the nozzle. The PTFE
collection vessel exhibits stable chemical properties, ensuring no
reaction with system components. The selection of the receiving
bath medium can be found in Fig. S2.

2.3. Preparation process

The composite microspheres were prepared through a three-
stage process comprising melting, atomization, and solidifica-
tion. The preparation of a precursor solution containing 20%
(mass) nano-Al and 80% (mass) SOA involves the following steps.
First, 6 g of nano-Al and 24 g of SOA were added to a beaker
containing 15 ml of methanol as the solvent. The mixture was
initially heated to 30 °C to allow dissolution. After this, the tem-
perature was increased stepwise by 10 °C increments (with each
step held for 5 min) until it reached 60 °C. Once stabilized at 60 °C,
the system was then maintained at 60 °C for 30 min until complete
solvent evaporation. Subsequently, the temperature was raised to
150 °C, and the mixture was stirred for 3 h under 400 r-min~' to
ensure homogeneity. At this point, the material was melted and
loaded into a preheated stainless-steel syringe. Subsequently, the
molten liquid was delivered through the nozzle at 50 kPa using a
microfluidic pressure controller, while the high-velocity airflow
generated by the air compressor induced fragmentation of drop-
lets at the nozzle outlet. The resulting droplets were then imme-
diately quenched in a liquid nitrogen PTFE collection vessel to
achieve rapid solidification. Following complete evaporation of the
liquid nitrogen, the solidified microspheres were harvested and
preserved at 4 °C for subsequent characterization and application.

2.4. Analytical characterization

The surface morphology, elemental distribution, and the par-
ticle size of the composite microspheres were characterized by
field-emission scanning electron microscope (FE-SEM, Nova
NanoSEM 450, FEI, USA), equipped with an energy-dispersive X-
ray spectroscopy (EDS) detector. Prior to imaging, the samples
were mounted on conductive adhesive tapes and sputter-coated
with a 10 nm platinum layer to enhance surface conductivity.
EDS elemental mapping was performed on both the surface and
cross-sections areas of the microspheres to analyze the spatial
distribution of aluminum, with an acquisition time of 60 s. The
particle size of the microspheres was also characterized by using
an inverted fluorescence microscope (Eclipse Ti2-U, Nikon, Japan).

The aluminum content in the composite was quantitatively
analyzed by thermogravimetric analysis (TGA) using a Q500 (TA
Instruments, USA). Approximately 3.32 mg of the sample was
placed in an open platinum crucible and heated from ambient
temperature to 800 °C under an air atmosphere. The thermal
behavior of the SOA was analyzed via differential scanning calo-
rimetry (DSC 300, NETZSCH, Germany). Approximately 5.39 mg of
sample was sealed in a standard aluminum crucible, with an
empty crucible used as a reference. The measurement was con-
ducted under nitrogen atmosphere (20 ml-min~!) following a
thermal protocol consisting of heating from 25°C to 160 °C at
10 °C-min~, cooling to 5 °C, and reheating to 160 °C at the same
rate. The crystalline structure of the samples was characterized by
X-ray diffraction (XRD, SmartLab 9 kW, Rigaku, Japan) with Cu K,
radiation. The powdered samples were evenly spread onto quartz
sample holders. Data were collected over a 26 range of 5°—80° at a
scanning rate of 20 (°)-min~". The size distribution and morpho-
logical parameters of the microspheres were analyzed based on
Image] software. The circularity (C) was calculated according to Eq.
(1),
4TA

=5 (1)
where A represents the two-dimensional projection area of the
microsphere and L denotes its perimeter.

3. Results and Discussion

3.1. Process parameter optimization and morphology control of
composite microspheres

In the field of energetic materials, a higher content of nano-Al,
as a high-energy metal fuel, typically enhances both the energy
density and combustion performance [31]. To determine the
optimal Al doping level for subsequent experiments, precursor
solutions with Al mass contents of 10%, 20%, 30%, and 40% were
prepared for spray experiments. When the nano-Al doping levels
reached 30% and 40%, nozzle clogging occurred. This phenomenon
can be attributed to the reduced fluidity of the molten materials,
which is caused by the uneven dispersion of solid particles in high
solid-loading systems, ultimately leading to flow instability and
nozzle blockage. To demonstrate the process advantages of the
melt spray system in atomizing high solid-loading formulations,
the nano-Al doping level was set at 20% (mass). Fig. S3 demon-
strates the SEM images of the nano-Al in this study.

In the melt spray process, molten material with excessive vis-
cosity not only hinders effective jetting through the nozzle but also
causes uneven atomization, which compromises product quality
and performance, potentially leading to equipment clogging or
failure. Therefore, the viscosity of the molten material must be
maintained within a specific range to ensure smooth processing
(Fig. 2). To optimize this process, the viscosity—temperature curve
of the molten component SOA was measured (Fig. 2(a)). The vis-
cosity of SOA exhibited distinct nonlinear behavior as the tem-
perature increased. Initially, with a gradual rise in temperature,
the viscosity decreased rapidly, indicating that the fluidity of the
molten material was significantly affected by temperature in the
lower range. When the temperature exceeded 120 °C, the viscosity
continued to decrease, yet at a significantly reduced rate. Experi-
ments demonstrated that nozzle clogging was largely prevented
when the temperature reached 120 °C or higher. However,
excessively high temperatures may induce thermal decomposition
of raw materials, shorten the lifespan of equipment, and increase
energy consumption during atomization. As a result, the effects of
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Fig. 2. (a) Viscosity—temperature curve of SOA. (b) Relationship between maximum atomizing gas pressure and temperature.

process parameters on microsphere morphology were investi-
gated within the temperature range of 120°C—150 °C.

The shear force exerted by high-pressure gas on the molten
liquid is of paramount importance for atomization. Excessive
atomizing gas pressure hinders liquid ejection from the nozzle
and may even induce backflow. Insufficient atomizing gas pres-
sure is unable to supply sufficient energy for atomization, thereby
leading to an extremely low atomization efficiency. Based on
experimental results, the maximum atomizing gas pressure cor-
responding to various temperatures was investigated, as shown

in Fig. 2(b). Within the temperature range of 120°C—150 °C, the
adjustable maximum gas pressure increased from 100 to 200 kPa.
When the delivery pressure was maintained at 50 kPa, a decrease
in temperature led to a significant increase in the viscosity of the
molten liquid. According to the Poiseuille Eq. (2) [32], under near-
constant flow conditions, the pressure drop (AP) is proportional
to the liquid viscosity (n). As the viscosity increases, the flow
resistance of the molten feed within the stainless-steel barrel also
increases, leading to a larger pressure drop from the top to the
bottom. When the driving pressure is maintained at 50 kPa, this

Fig. 3. Representative optical microscopy and SEM images of composite microspheres: (a) 120 °C (50 kPa), (b) 135 °C (50 kPa), (c) 150 °C (50 kPa), (d) 120 °C (100 kPa), (e) 135 °C
(100 kPa), (f) 150 °C (100 kPa), (g) 135 °C (150 kPa), (h) 150 °C (150 kPa), (i) 150 °C (200 kPa).
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pressure loss reduces the effective driving force at the nozzle
outlet. In this case, the molten material cannot overcome the
radial component of the atomizing gas due to the narrow nozzle
outlet and insufficient driving force. As a result, atomization
cannot proceed. In contrast, low-viscosity melts experience lower
flow resistance and smaller pressure drops. Thus, a higher
effective force is retained at the nozzle outlet, allowing the melt
to overcome the radial gas flow and maintain continuous
atomization.

81LQ

ap==12 )

where AP represents the pressure drop, 7 is the viscosity of the
fluid, L is the length of the pipeline, Q is the volumetric flow rate,
and r is the radius of the pipeline.

To investigate the effects of the temperature and the atom-
izing gas pressure on the particle size of composite microspheres,
the microspheres were prepared at temperatures of 120, 135, and
150 °C under spray pressures of 50, 100, 150, and 200 kPa. Fig. 3
displays the representative images of composite microspheres
under various experimental conditions. Characterization methods
were selected by different size range. Specifically, optical micro-
scopy for statistical of large particles (Fig. 3(a)—(f)), SEM for
resolution of small particles (Fig. 3(g)—(i)). Fig. 4 illustrates the
particle size distribution histograms.

Table 1

The particle size of composite microspheres under different conditions ©.
Entry Temperature/°C Pressure/kPa Dso®/um
1 120 50 248.90
2 120 100 89.29
3 135 50 218.03
4 135 100 71.77
5 135 150 56.78
6 150 50 213.81
7 150 100 68.75
8 150 150 44.75
9 150 200 35.09

@ The particle size span illustrates in Table S4.
@ D5, represents the median size of particles.

The particle sizes of the composite microspheres and the
corresponding experimental conditions are summarized in
Table 1. At 150 °C, under spray pressures of 50, 100, 150, and
200 kPa, the median particle sizes of the composite microspheres
were 213.81, 68.75, 44.75, and 35.09 pm, respectively. At 135 °C,
under spray pressures of 50, 100, and 150 kPa, the median par-
ticle sizes were 218.03, 71.77, and 56.78 um, respectively. The
results demonstrate that, at constant temperature, higher gas
pressures result in smaller average particle sizes of the composite
microspheres. When the atomization pressure decreased from
100 to 50 kPa, the particle sizes of composite microspheres under
all temperature conditions sharply increased to more than
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Fig. 4. Particle size distribution histograms of composite microspheres prepared under different process parameters: (a) 120 °C (50 kPa), (b) 135 °C (50 kPa), (c) 150 °C (50 kPa),
(d) 120 °C (100 kPa), (e) 135 °C (100 kPa), (f) 150 °C (100 kPa), (g) 135 °C (150 kPa), (h) 150 °C (150 kPa), (i) 150 °C (200 kPa).
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200 um, which indicates an extremely low atomization efficiency
at 50 kPa.

As described in Eq. (2) [33], the particle size is inversely pro-
portional to the gas—liquid relative velocity and directly propor-
tional to viscosity and surface tension of the liquid. From the
perspective of the atomization mechanisms, the triple-channel
internal-mixing nozzle employed in this study conveys the
molten material through the central tube, and compressed air
escapes through two gas outlets in the annular gap. When
gas—liquid two-phase flows interact at the outlet of the nozzle, the
airflow and liquid flow display three distinct breakup modes,
namely droplet breakup, ligament breakup, and film breakup,
which are dependent on their relative velocities. Among these
breakup modes, the film breakup mode fragments the liquid into
fine droplets. Initially, high-speed airflow stretches the liquid into
a thin film, and this thin film subsequently experiences secondary
breakup to form micron-sized droplets [34]. Increasing gas pres-
sure significantly enhances the shear intensity and kinetic energy
of the gas flow at the nozzle. Therefore, when the gas flow in-
teracts with the molten feedstock, the intensified shear forces
stretch the liquid film into thinner layers and accelerate the frag-
mentation process (primary atomization). Simultaneously, the
turbulent kinetic energy of the high-speed gas flow triggers sec-
ondary droplet breakup (secondary atomization), resulting in
smaller droplet sizes. In this process, more kinetic energy is con-
verted into the surface energy of droplets. However, it should be
noted that when the droplet size becomes sufficiently small, sur-
face tension dominates and prevents further breakup.

\/E]: ( I )0.45 < QL) 1.5
D=585 + 597 1000 =
vy/pL NG Qa

In Eq. (3), D represents the droplet diameter. p; denotes the
liquid density. o1 is the liquid surface tension. y; refers to the liquid
viscosity. v corresponds to the relative velocity between the gas
and liquid. Q; indicates the liquid volumetric flow rate, and Q, is
the air volumetric flow rate.

Under spray temperatures of 120, 135, and 150 °C, the com-
posite microspheres prepared at an atomizing gas pressure of
100 kPa exhibited median diameters of 89.29, 71.77, and 68.75 pm,

(3)

Modified mass/%

Fig. 5. (a)—(d) EDS of Al element of composite microsphere under 200 kPa, 150 °C, and 400 r-min~

SOA.

O
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respectively. As the spray temperature increased from 120°C to
150 °C, the viscosity of the molten material decreased from 0.21 to
0.04 Pa-s. Experimental results indicate that, when the shear force
magnitude and nanoparticle doping level remain constant, the
average particle size of the composite microspheres decreases
with the increasing of temperature. As shown in Eq. (3), the
average particle size is proportional to the liquid viscosity. This
mechanism can be attributed to the inhibitory effect of viscous
resistance on the droplet breakup process. When the viscosity
increases, the internal friction between molecules in the melt
becomes stronger, which weakens the stretching and breakup
effects of shear forces on the liquid film. As a result, more energy is
dissipated to overcome internal friction rather than being con-
verted into surface energy for droplet fragmentation, leading to
the formation of larger droplets. Conversely, when viscosity de-
creases, improved melt fluidity allows shear energy to be effi-
ciently converted into droplet surface energy, promoting liquid
film destabilization and the generation of smaller micron-sized
droplets.

To evaluate the incorporation of nano-Al in the composite
microspheres prepared via melt spray technology, EDS analysis
was conducted on both the surface and cross-sections of mi-
crospheres synthesized at 150 °C and 200 kPa. The EDS results
(Fig. 5) indicate that Al elemental signals (purple regions) are
present in both regions, confirming successful doping of nano-Al
throughout the microspheres. EDS of composite microspheres
prepared under different processing conditions are shown in
Fig. S4 and Fig. 5. TGA was performed on the composite micro-
spheres prepared at 150 °C and 200 kPa. Fig. 5(e) shows the TGA
curves of the composite microspheres and SOA. The results
illustrate that the weight of the composite microspheres
decreased markedly upon heating to 200 °C, indicating the onset
of thermal decomposition of the components. As the tempera-
ture approached 340 °C, the weight stabilized. The residual mass
of the composite microspheres was 21%, compared to approxi-
mately 1% for SOA at the same temperature. This difference
(20%) is consistent with the 20% content of nano-Al in the
original formulation. Furthermore, beyond 550 °C, the weight of
the composite sample increased, which is attributed to oxida-
tion of nano-Al in the oxygen-containing atmosphere.

100 4 ——SOA
——— Composite

80 - microsphere
60 -
40
20
0 4

0 200 400 600 800

Temperature/°C

1. (e) Thermogravimetric analysis (TGA) curves of composite microsphere and
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Fig. 6. SEM images of representative composite microspheres: (a) without polymer additives and (b)—(f) with 2.5% (mass) polymer additives. ((b) P123, (c¢) PEG:HPMC 1:1, (d)

PEG, (e) PVP, (f) PEG:PVP 1:1)

3.2. Effect of additives on microspheres

Composite microspheres prepared using a molten material
formulation containing 20% nano-Al and 80% SOA exhibited low
average circularity (0.67) and filamentous structures (Fig. 6(a)).
Various polymer additives (including PVP, PEG, HPMC, and P123)
were introduced into the molten matrix for optimization. These
selected polymer additives were thermally stable within the
120°C—150 °C. SEM images of microspheres with different addi-
tives (Fig. 6) were analyzed using Image] software. Table 2 shows
the average circularity of composite microspheres under different
conditions. As seen in the SEM images, after adding P123, the
microsphere surface became rough with needle-like crystals.
Particle agglomeration was observed, and the average circularity
was 0.68 (Fig. 6(b)). With the PEG:HPMC (1:1) blended additive,
rod-shaped and a few large irregular microspheres appeared.
Some adhesion between particles was seen, and the average
circularity was 0.70 (Fig. 6(c)). When the PEG additive was used
solely, the microspheres had smoother surfaces, but slight adhe-
sion was still present (Fig. 6(d)). The average circularity was 0.74.
With the PVP additive, the surface was rough with wrinkles, but no
adhesion between microspheres was observed. The average

Table 2

Average circularity of composite microspheres under different conditions ©.
Entry Additives c® SD @
1 /@ 0.67 0.12
2 P123 0.68 0.09
3 PEG:HPMC 1:1 0.70 0.11
4 PEG 0.74 0.11
5 PVP 0.77 0.12
6 PEG:PVP 1:1 0.85 0.10

© Molten material formulation contains 20% (mass) nano-Al, 77.5% (mass) SOA,
and 2.5% (mass) additives. The temperature is 150 °C and the atomization gas
pressure is 100 kPa.

@ There are only 20% (mass) nano-Al, and 80% (mass) SOA in this formula.

@ C represents the arithmetic mean of circularity.

@ SD represents the standard deviation.

circularity was 0.77 (Fig. 6(e)). When the PEG:PVP (1:1) blended
additive was added, the microspheres showed smooth surfaces
with minimal deformation or adhesion. Furthermore, the average
circularity of 0.85 was achieved (Fig. 6(f)).

The experimental results indicate that the synergistic effect of
the PEG:PVP (1:1) blended additive simultaneously enhances the
circularity and uniformity of the surface morphology of the
composite microspheres. The melt spray process shares similar
thermal processing principles with hot-melt extrusion (HME),
permitting the application of polymer additive mechanisms
derived from HME [35]. The improved performance may be
attributed to the pseudoplastic behavior of both PVP and PEG,
which is characterized by a decrease in viscosity with increasing
shear stress. Under high shear forces and external driving pres-
sures during the process, the rheological properties of the molten
material are altered. This modification reduces the viscous
resistance and the surface tension of the droplets, promoting
rapid contraction into spherical structures via surface tension
before solidification, thereby minimizing irregular particle for-
mation and enhancing morphology uniformity and circularity.
This conclusion provides a theoretical foundation for optimizing
the melt spray technology through additive selection. After
optimizing the circularity, this study further explored the ad-
vantages of production capacity in the melt spray technology.
Experimental results indicate that this setup produced 78 g of
composite microspheres within 20 min, demonstrating its po-
tential for large-scale production. An outlook regarding the large-
scale production potential is provided in the Supplementary
Material.

3.3. Effects of cooling and storage conditions on composite
microspheres

During room-temperature storage, irreversible deformation,
characterized by initial softening followed by hardening and
caking, was observed in the composite microspheres. SEM images
of the microspheres upon storage, reveal an irregular overall
morphology (Fig. 7). These changes suggest that structural
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Fig. 7. SEM images of composite microspheres after hardening and caking: (a) morphology of most composite microspheres after caking, (b) composite microspheres that
partially retain their spherical shape but exhibit surface pores and crystalline deposits, (c) composite microspheres with severely damaged morphology.

relaxation and interfacial fusion occurred during the storage
period. To further elucidate the underlying mechanism, DSC and
XRD analyses were conducted to investigate how the melt-cooling
process influences the internal structure of the microspheres.
DSC analysis (Fig. 8) was employed to elucidate the thermal
mechanisms underlying the hardening and caking behavior
observed in SOA/Al composite microspheres. During the first
heating cycle, SOA exhibited an endothermic peak between 80°C
and 95 °C, indicative of crystalline phase melting. Upon cooling, a
distinct stepwise decrease in heat flow was observed at approxi-
mately 25 °C, signifying the formation of a glassy state. This
allowed the determination of the glass transition temperature (Tg)
of SOA as 25 °C. During the second heating cycle, an endothermic
peak near 25 °C was observed, corresponding to the softening of
the amorphous glassy phase. No crystallization peaks were
detected during either the initial cooling or subsequent heating
cycle, which may be attributed to the experimental heating/cool-
ing rates surpassing the critical crystallization threshold and
thereby suppressing crystallization kinetics. The hardening and
caking phenomena are associated with the molten material,
which, after atomization and entry into the liquid nitrogen
collection vessel, experiences rapid quenching. This rapid cooling
prevents ordered crystallization, thereby trapping the composite
microspheres in a supercooled liquid state [36]. When the system
cools below the Tg, the viscosity increases sharply, significantly
reducing molecular mobility and hindering structural rearrange-
ment, resulting in a structure characterized by long-range disorder
and short-range order. Conversely, storage near the Tg (25 °C) in-
duces structural relaxation in the amorphous SOA, leading to
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Fig. 8. DSC images of SOA.

internal flow, microsphere softening, and interparticle aggrega-
tion. Ultimately, this results in irreversible caking and the forma-
tion of densely agglomerated macroscopic structures.

To investigate the stability of the amorphous structure in
composite microspheres, the crystallographic characteristics of
SOA, nano-Al, and composite microspheres prepared at different
preparation times were compared using XRD analysis (Fig. 9). The
XRD pattern of SOA displayed distinct crystalline peaks in the
5°—40° range, which completely vanished in the composite mi-
crospheres, replaced by a broad amorphous halo near 20°, con-
firming the amorphous state of SOA. The characteristic diffraction
peaks of nano-Al (38.5°, 44.7°, 65.1°, 78.2°) remained intact in the
composite microspheres, verifying the successful doping of nano-
Al without phase transformation.

XRD characterization of composite microspheres stored at
different temperatures for one month (Fig. 9) demonstrated that
the sample stored at room temperature (25 °C) displayed weak
crystalline peaks within the 5°—40° range, coinciding with the
crystalline peaks of SOA in Fig. 9(a). In contrast, the sample stored
at 4 °C showed no SOA-related crystalline peaks, indicating that
room temperature promotes the amorphous-to-crystalline tran-
sition. This phenomenon occurs because the amorphous state is
thermodynamically metastable and tends to spontaneously evolve
toward a lower-energy, more stable crystalline state [37]. The
amorphous-crystalline transition can be explained by classical
nucleation-growth theory, where the amorphous system un-
dergoes two temperature-driven phase transformations
comprising nucleation (Eq. (4)) and crystal growth (Eq. (5))
[38,39]. For the nucleation rate (J), molecular thermal motion is
insufficient to overcome the energy barrier for forming critical
nuclei at low temperatures (4 °C). The extremely low nucleation
rate prevents the amorphous-to-crystalline transition. When the
temperature approaches Tg, the thermodynamic driving force in-
creases, significantly enhancing J. Regarding the growth rate (U), as
the temperature rises from 4°C to 25 °C, viscosity decreases and
molecular mobility increases, leading to a marked rise in U.

The classical homogeneous nucleation rate equation is
expressed as follows,

—16my3 AG’) @)

=Aex —_— 5 —
I P <3I<T~AHgTr(ATr)2 kT

where | represents the steady-state nucleation rate, A is a
temperature-independent vibrational factor, v is the interfacial
tension between the crystalline surface and the medium, k is the
Boltzmann constant, T is the measured temperature, AH; is the
enthalpy of melting, Ty = T/Tm (T is the melting point), AT, =
AT/Tm (AT = Ty — T, representing the degree of supercooling),
and AG' denotes the activation energy of molecular motion.
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Fig. 9. XRD patterns of various samples: (a) SOA, (b) nano-Al, (c) composite microspheres analyzed after preparation (0 min), (d) composite microspheres analyzed 40 min after
preparation, (e) composite microspheres stored at 4 °C for 1 month, (f) composite microspheres stored at room temperature (25 °C) for 1 month. The right panel displays the full
20 range, while the two panels on the left present expanded views of the 5°—30° 26 region, providing a detailed comparison of structural changes among the samples.

The mathematical model of crystal growth can be expressed as
follows,

U:%{lfexp<f%)} (5)

where U represents the crystal growth rate, C denotes a constant, T
is the measured temperature, w is a constant related to the growth
mechanism, 7 represents the viscosity of the system, AGy repre-
sents the free energy difference between the amorphous form and
the crystalline state, and k represents the Boltzmann constant.

In summary, at room temperature (25 °C), the system provides
sufficient nucleation driving force and molecular mobility to
promote the transition from the amorphous to crystalline state. In
contrast, storage at 4 °C significantly suppresses molecular ther-
mal motion and diffusion capabilities, maintaining the amorphous
structure in a metastable state. This conclusion not only clarifies
the kinetic mechanisms underlying structural evolution in com-
posite microspheres during storage but also provides insights for
controlling the physical stability of energetic materials under long-
term storage. By optimizing storage temperatures (e.g., below
4 °C), crystal transformation can be effectively inhibited, ensuring
reliable material performance.

4. Conclusions

This study successfully developed SOA/Al composite micro-
spheres via melt spray technology. The effects of process param-
eters such as atomizing gas pressure and temperature, as well as
polymer additives, were systematically explored to optimize the
particle size, morphology, and stability of the microspheres.

Composite microspheres with a Dsg of 35.09 pm were successfully
prepared at 150 °C and 200 kPa atomizing gas pressure. The
incorporation of 2.5% (mass) PEG:PVP (1:1) blend enhanced
microsphere circularity (0.85) and produced a smooth surface
with uniform morphology. The XRD and DSC analyses confirmed
that the rapid solidification via melt quenching led to the forma-
tion of amorphous microspheres. Additionally, the melt spray
technology enabled laboratory-scale production, yielding 78 g of
composite microspheres in 20 min, demonstrating its potential for
high-throughput manufacturing of energetic composites. Addi-
tionally, the study demonstrated that storage conditions played a
critical role. Room-temperature storage induced amorphous-to-
crystalline transition, whereas storage at 4 °C preserved the
amorphous structure. The melt spray technology utilized in this
work provides a scalable, efficient, and environmentally friendly
approach for the production of energetic materials doped with
nano-Al. Specifically, by adjusting ingredient properties to match
the model system, along with adopting the process parameters
and atomization strategies developed in this study, the prepara-
tion of such composite materials can be directly guided. Signifi-
cantly, this research provides key insights into the controllable
fabrication of micro-nano composite materials, especially those
with thermally stable nanomaterials like nano-Al.
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